Mammalian thioredoxin reductases (TrxR) are homodimers, homologous to glutathione reductase (GR), with an essential selenocysteine (SeCys) residue in an extension containing the conserved C-terminal sequence -Gly-Cys-SeCys-Gly. In the oxidized enzyme, we demonstrated two nonflavin redox centers by chemical modification and peptide sequencing: one was a disulfide within the sequence -Cys 59 -Val-Asn-Val-Gly-Cys 64 , identical to the active site of GR; the other was a selenenylsulfide formed from Cys 497 -SeCys 498 and confirmed by mass spectrometry. In the NADPH reduced enzyme, these centers were present as a dithiol and a selenolthiol, respectively. Based on the structure of GR, we propose that in TrxR, the C-terminal Cys 497 -SeCys 498 residues of one monomer are adjacent to the Cys 59 and Cys 64 residues of the second monomer. The reductive half-reaction of TrxR is similar to that of GR followed by exchange from the nascent Cys 59 and Cys 64 dithiol to the selenenylsulfide of the other subunit to generate the active-site selenolthiol. Characterization of recombinant mutant rat TrxR with SeCys 498 replaced by Cys having a 100-fold lower kcat for Trx reduction revealed the C-terminal redox center was present as a dithiol when the Cys 59 -Cys 64 was a disulfide, demonstrating that the selenium atom with its larger radius is critical for formation of the unique selenenylsulfide. Spectroscopic redox titrations with dithionite or NADPH were consistent with the structure model. Mechanisms of TrxR in reduction of Trx and hydroperoxides have been postulated and are compatible with known enzyme activities and the effects of inhibitors, like goldthioglucose and 1-chloro-2,4-dinitrobenzene.
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evolution ͉ thiols ͉ disulfide ͉ selenium ͉ enzyme structure T hioredoxin reductase (TrxR) is a member of the pyridine nucleotide-disulfide oxidoreductase family that includes glutathione reductase (GR), lipoamide dehydrogenase, and mercuric ion reductase (1) . The members of this family are homodimeric flavoproteins containing one redox-active disulfide and one tightly bound FAD per subunit. TrxR catalyzes reduction of the redox-active disulfide in Trx (oxidized Trx) by NADPH. The dithiol form of Trx [Trx-(SH) 2 ] is a major cellular reductant (2) involved in a number of thiol-dependent cellular reactions such as enzymatic synthesis of deoxyribonucleotides, defense against oxidative stress, redox regulation of gene expression, or signal transduction by thiol redox control (3, 4) .
TrxR from mammalian species has long been known (5) to be very different from the well studied Escherichia coli TrxR (6), having subunits of 55 kDa instead of 35 kDa and showing a much broader substrate specificity (7) . The mammalian TrxR directly reduces not only Trx from different species but also many nondisulfide substrates, such as selenite (8) , lipid hydroperoxides (9) , and H 2 O 2 (10) . Sequencing and cloning demonstrated that cytosolic human and rat TrxR are highly similar to GR (11, 12) and not to its E. coli counterpart (13) . The sequence contains one active-site sequence motif-Cys
59
-Val-Asn-Val-Gly-Cys 64 -identical to the redox-active disulfide of GR (14) . The Cterminal end contains an extension of 16 residues with a penultimate selenocysteine (SeCys) residue within the unique sequence, Gly-Cys-SeCys-Gly conserved in all mammalian TrxR reported to date (12, (15) (16) (17) (18) (19) . The SeCys residue is essential for the catalytic activity of TrxR, because either its removal by carboxypeptidase digestion (12) or its modification by alkylation (12, 20) leads to inactivation. Also, the irreversible inhibitor 1-chloro-2,4-dinitrobenzene, which inactivates the mammalian enzyme as a TrxR but induces an NADPH oxidase activity in the enzyme (21) , leads to alkylation of both the Cys 497 and the SeCys 498 residues in the enzyme (22) . Furthermore, selenium deficiency leads to a major loss of TrxR activity (23) (24) (25) (26) (27) .
We recently expressed and characterized mutant rat enzymes in E. coli, including SeCys 498 replaced by Cys, and demonstrated that this folded protein contained FAD and was active. However, it had a 100-fold lower k cat and a 10-fold lower K m for Trx compared with the Se-containing wild-type rat enzyme (10) . The truncated protein lacking the C-terminal SeCys-Gly dipeptide was also folded and contained FAD but was inactive although titration with NADPH yielded the characteristic thiolate-flavin charge transfer complex common for GR and mammalian TrxR (1, 28) . In this paper, we have identified a selenenylsulfide as the active site of TrxR and propose a structure model and mechanisms for the enzyme.
Materials and Methods
Bovine cytosolic TrxR and the SeCys 498 -Cys rat TrxR were purified to homogeneity as described (5, 7, 10) . Recombinant human Trx with the structural Cys 63 and Cys 72 residues replaced by Ser (C63S͞C72S) was prepared as described previously (29) . L-(1-tosylamido-2-phenyl)ethyl chloromethyl ketone-treated trypsin was purchased from Promega SDS, sodium dithionite from Merck, and NADPH and 5,5Ј-dithiobis(2-nitrobenzoic acid) (DTNB) from Sigma. *To whom reprint requests should be addressed. E-mail: Arne.Holmgren@mbb.ki.se.
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Gdn⅐HCl͞0.1 M Tris⅐HCl, pH 8.0, 5 mM EDTA was alkylated with 2 mM of [1-14 C]iodoacetic acid at room temperature overnight in the dark. The mixture was desalted on a Fast Desalting PC 3.2͞10 column (Pharmacia Biotech) in 0.2 M ammonium bicarbonate with a Pharmacia Smart system and digested as described below.
To specifically label DTT-reducible bridges in the oxidized enzyme, a double alkylation procedure was used. The oxidized form of calf liver TrxR (20 M of subunits) was denatured in 6 M Gdn⅐HCl͞1 M Tris⅐HCl, pH 7.5, 2 mM EDTA, and alkylated by incubation with 2 mM of 4-vinylpyridine in a final volume of 250 l at room temperature for 4 h in the dark. After desalting as described above, the protein solution (50 l) was mixed with 150 l of 8 M Gdn⅐HCl͞0.1 M Tris⅐HCl, pH 7.5, 2 mM EDTA, and 0.23 mM of DTT under N 2 to reduce disulfide or selenenylsulfide bridges. Nascent thiols or selenol groups were then alkylated with 0.69 mM of [1-14 C]iodoacetamide for 6 h in the dark at room temperature. The resulting fully derivatized protein was desalted and then digested with 5 g of L-(1-tosylamido-2-phenyl)ethyl chloromethyl ketone-treated trypsin. After overnight incubation at 37°C, another 5 g of the trypsin was added and incubation continued for an additional 6 h. The digests were stored at Ϫ20°C until separation of the resulting peptides.
Separation of Peptides and Sequence Analysis. Tryptic peptides were separated by reverse-phase chromatography on a Sephasil C2͞C18 column by using a SMART system (Pharmacia). A linear gradient from 0 to 80% acetonitrile in 0.1% trifluoroacetic acid was used at a flow rate 80 l͞min over 150 min. The selected peptides were sequenced by using automated Edman degradation on a Procise Protein Sequencing System as described previously (12) .
Mass Spectrometric Analysis of the C-Terminal Tryptic Peptide.
Calf thymus TrxR (about 20 M of subunits) was denatured in 6 M Gdn⅐HCl͞0.1 M Tris⅐HCl, pH 7.5͞2 mM EDTA. The denatured protein was then alkylated by incubation with 2 mM of 4-vinylpyridine at room temperature for 4 h. The protein desalting, digestion, and subsequent peptide separation procedures were as described above. The C-terminal peptide was identified by comparison with its retention time in the previously wellcharacterized tryptic peptide map and was analyzed with electrospray mass spectrometry by using an AutoSpec instrument (Micromass, Manchester, U.K.) at the Protein Analysis Center of the Karolinska Institute, Sweden.
Anaerobic Titration with Sodium Dithionite. The TrxR solution was placed in a cuvette and sodium dithionite solution in a separate glass vial, both covered with a rubber septa and bubbled with argon through needles penetrating the rubber septa, while air was evacuated although a send pair of needles. This treatment lasted Ϸ30 min. To the enzyme solution was then added aliquots of the dithionite solution with a gas-tight Hamilton syringe. Spectra were recorded at 25°C by using a Shimadzu UV-visible spectrophotometer.
Quantitative Determination of Thiol Content. Thiols were determined with DTNB in a total reaction volume of 200 l containing 1 M of enzyme subunit with a control containing only buffer. Enzyme was reduced by incubation with 4 mM NADPH in a total volume of 45 l at room temperature for 2 min, after which the enzyme was denatured by adding 150 l of 8 M guanidine hydrochloride (Gdn⅐HCl) in 50 mM Hepes and 2 mM EDTA, pH 7.6. The thiol (or selenol) content was determined after addition of 1.58 mM DTNB by absorbance at 412 nm recorded in a Shimadzu UV-visible spectrophotometer. Measurements were made anaerobically with 1-cm cuvettes covered with rubber septa. . We previously sequenced large parts of bovine TrxR, which contains a total of 13 cysteine and one SeCys residue (12) [Terashima, H. (1998), GenBank accession no. AF053984]. Redox-active residues labeled after NADPH reduction were identified by treating the oxidized enzyme with iodoacetic acid before incubation with NADPH and subsequent alkylation of sulfhydryl or selenol groups with vinylpyridine. This procedure led to sequencing of two peptides, one of which contained the internal sequence CVNVGC, identical to the active site of GR and different from the C-terminal peptide RSGGNILQTGCUG (12) . We now used oxidized enzyme in 5 M Gdn⅐HCl and blocked reactive groups by [ 14 C]iodoacetic acid and removed the denaturant by chromatography in 0.2 M ammonium bicarbonate followed by digestion with trypsin. The resulting peptides were separated by reversephase chromatography (Fig. 1) and analyzed by Edman degradation. Although almost all Cys containing peptide were not present, suggesting a trypsin-resistant core, two peptides in high final yield denoted P-a and P-c (Fig. 1) corresponding to the monomeric form in a nonreduced SDS͞ PAGE (12), ruling out any intersubunit covalent linkages.
In the second experiment, free thiols in denatured oxidized enzyme (6 M Gdn⅐HCl) were labeled with 4-vinylpyridine followed by desalting to 0.2 M ammonium bicarbonate. The enzyme was denatured again in 6 M Gdn⅐HCl, reduced by DTT and alkylated with excess [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]iodoacetamide. After desalting, the tryptic peptide map indicated complete digestion (Fig. 2) , having two separate peaks with high specific radioactivity denoted as ''P-c'' and ''P-a.'' Analyses by Edman degradation revealed that ''P-c'' corresponded to the C- linkage, we analyzed the C-terminal peptide of the pyridylated nonreduced enzyme by mass spectrophotometry. The peptide gave a peak with maximum at m͞z 1,155.3 (Fig. 3A) and a spectrum in perfect agreement with the theoretical mass spectrum of the peptide containing a selenenylsulfide (Fig. 3B) , clearly shifted from that of the thiol-and selenol-containing peptide (Fig. 3C ) and obviously different from that of a pyridylated peptide. These results proved that two redox-active bridges of mammalian TrxR are present as a disulfide linking Cys 59 and Cys 64 and a selenenylsulfide linking the penultimate SeCys with its adjacent Cys residue.
Thiols in the Bovine and Rat Mutant Enzymes.
In the oxidized bovine TrxR denatured by 6 M Gdn⅐HCl under anaerobic conditions, the number of titratable free SH groups was 10.4 Ϯ 0.7 (n ϭ 7) per subunit. When NADPH was used for reduction of the enzyme before denaturation, the number of free SH groups was 14.2 Ϯ 0.5 (n ϭ 5) and thus the newly formed groups that reacted with DTNB was 3.8, consistent with the total of 13 were alkylated by 4-vinylpyridine after denaturation of the oxidized rat enzyme, indicating that they were present as thiols. This result was also evident here from SHdetermination with DTNB. Furthermore, preincubation with NADPH showed an increase of only two SH groups for the rat mutant SeCys 498 -Cys enzyme to 14.9 Ϯ 1.1 (n ϭ 7).
Characterization of the SeCys 498 -Cys Enzyme. Alkylation of the rat SeCys

498
-Cys enzyme in 6 M Gdn⅐HCl with [ 14 C]iodoacetic acid followed by desalting and tryptic digestion as described above for the bovine enzyme (Fig. 1) showed a peptide map (data not shown) where the active-site disulfide peptide P-a and the C-terminal peptide P-c were identified by Edman degradation. The P-c peptide was fully carboxymethylated demonstrating free Cys 497 and Cys 498 SH-groups. When an aliquot of this monoalkylated enzyme was denatured in 5 M Gdn⅐HCl and treated with DTT followed by carboxymethylation and tryptic digestion, the peptide map demonstrated that the P-a peptide now was eluted in a different position and was alkylated as well as the P-c peptide. This confirmed that the SeCys 498 -Cys enzyme as isolated has two thiols in the C terminus but a disulfide in the N-terminal active-site motif.
Redox Titrations. Titration of the SeCys
498
-Cys rat TrxR with dithionite resulted in highly similar spectral changes (Fig. 4) to those observed by Williams and coworkers analyzing human placenta TrxR (28) . There were two spectral phases. First was the formation of a typical EH 2 spectrum (28), in which two flavin absorbance bands were decreased and blue shifted, whereas a new long-wavelength flavin-thiolate charge transfer band was formed with a maximum at 540 nm, where neither oxidized enzyme nor fully reduced enzyme shows absorbance (28) . The set of four isosbestic points seen in Fig. 4 indicated that with less than 1.9 equivalents of dithionite, the charge-transfer complex is the predominant species. In the second phase, addition of another equivalent of dithionite resulted in complete reduction of the enzyme with flavin bleaching and disappearance of the flavin-thiolate charge transfer absorbance band. To produce this fully reduced enzyme, about three equivalents of dithionite per enzyme subunit were required. This is one equivalent less than that of the human placenta (28) or the bovine enzyme (data not Oxidized form (P-c in Fig. 1 , pmol  311  598  515  359  478  383  320  265  243  27 Reduced form (P-c in Fig. 2 , pmol  27  33  33  26  36  30  22  12  20  12  ϳ10  7  Active-site peptide Oxidized form (P-a in Fig. 1 ) pmol  196  177  225  171  163  161  153  120  143  143  108  45 26 Reduced form (P-a in Fig. 2) W pmol  21  27  64  25  25  24  12  25  19  22  22  9  17  8 4.5 *When cysteine was labeled with iodoacetamide, the resulting PTH-Cys (Cam) eluted almost exactly with PTH-Glu. † U indicates the PTH-SeCys peak eluting next to PTH-Pro. ‡ ND indicates that in the corresponding cycle, no PTH peak was detected.
shown) and consistent with an already reduced C-terminal dithiol pair in this mutant enzyme.
Discussion
Williams and coworkers (28) demonstrated elegantly that the mechanism of TrxR from human placenta is similar to the mechanisms of lipoamide dehydrogenase and GR and distinct from the mechanism of TrxR from E. coli. All TrxR from mammalian cells, of which there are a growing number of isoenzymes (19, (31) (32) (33) , have the conserved C-terminal sequence -Gly-Cys-SeCys-Gly and a subunit with homology to GR (10) including the identical conserved active site of the latter enzyme (19, (31) (32) (33) . However, the detailed mechanism of mammalian TrxR has not been known. Before discussing our results, we will propose a structure of mammalian TrxR based on the homology to GR (Fig. 5 ). TrxR has a 16-residue C-terminal extension with the conserved SeCys residue. We propose that this is in a sense taking the place of glutathione disulfide, the substrate for GR, so that the Cys-SeCys residues of the one subunit are in close proximity to the redox-active disulfide͞ dithiol of the second subunit. Electrons can then be transferred out from the redox-active disulfide͞dithiol to the SeCys and Cys residues, which constitute the active site of the enzyme. This will be in agreement with the highly unusual evolutionary scenario proposed by Williams et al. (28) for mammalian TrxR and the pyridine nucleotide-disulfide oxidoreductase family of dimeric flavoenzymes. A similar example of a structure in favor of our model is in mercuric reductase, where a Cys-Cys sequence near the C terminus can receive electrons from the active center dithiol (34) . Also, the TrxR from Plasmodium falciparum, which is a homodimer of subunits with M r 59,000, has two C-terminal Cys residues (Cys   535   and Cys   540 ), which interact with the activesite disulfide͞dithiol (Cys 88 and Cys
93
) from the other subunit (35) .
In this study, we have proved that the C-terminal SeCys residue of oxidized bovine mammalian TrxR forms a selenenyl- sulfide with the adjacent Cys residue by using both Edman degradation and mass spectrometry. A number of arguments support the conclusion that the selenolthiol form of the selenenylsulfide is the actual active site of the enzyme for reduction of Trx and the many other substrates known (5, (7) (8) (9) (10) . The position of the active site at the C-terminal end is compatible with an open active site capable of reducing all kinds of molecules including DTNB, which is used to assay the enzyme (5, 7). The truncated enzyme lacking the SeCys-Gly dipeptide is inactive (10) . Furthermore, replacement of the SeCys residue by a similar but redox-inactive Ser results in an inactive enzyme (10) . However, both these mutant enzymes contain FAD and showed the same spectral changes on redox titration with NADPH, consistent with an intact reductive half reaction very similar to GR (10) . The SeCys to Cys mutant rat enzyme shows activity with Trx having a 100-fold lower k cat and 10-fold lower apparent K m indicating an increased binding of Trx. Most importantly, the pH optimum of the mutant enzyme was 9 as opposed to 7 for the wild-type selenium-containing enzyme compatible with the involvement of a low pK a (5.25) selenol in the catalytic mechanism (10) . Accumulated evidence showed that the native unreduced enzyme was resistant to either carboxypeptidase (12) or trypsin digestion (36) as well as to chemical modification by 1-chloro-2,4-dinitrobenzene (22) , aurothioglucose (37) , bromo [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C] acetic acid (20) , and 5-iodoacetamidofluorescein (32) . However, the enzyme was modified by all of the above treatments only after NADPH reduction. The selenenylsulfide between adjacent residues may assume a particular hairpin ␤-turn structure critically dependent on the larger atomic radius of the Se atom compared with an S atom. Our finding of a Cys-Cys dithiol in the mutant enzyme as isolated is consistent with an unfavorable structure for forming a disulfide.
The mammalian Se-containing TrxR reduces lipid hydroperoxides (9) and H 2 O 2 (10) , and this activity is lost in the Cys mutant enzyme. So far, two redox states of the SeCys, a selenol and a selenenylsulfide oxidized form, have been unambiguously identified. This allows us to propose a mechanism for H 2 O 2 reduction by mammalian TrxR (Fig. 6) . The catalytic intermediates consist of a selenol, a putative selenenic acid, and the selenenylsulfide enzyme forms. The initial reaction is that the selenenylsulfide receives electrons from NADPH via the FAD and redox-active dithiol of the first subunit to produce a sulfhydryl and a selenol (-SeH) in the second subunit. Because of the low pK a value of the selenol, selenolate should be a predominant form under physiologic conditions. Because it is a strong nucleophilic, selenolate is more susceptible to oxidation by H 2 O 2 than thiols, yielding selenenic acid (-SeOH). One cysteine thiol (most likely Cys 497 ) reacts with the selenenic acid to produce water and to reform the selenenylsulfide. A second thiol (most likely Cys 59 from the other subunit) would attack the bridge to regenerate the selenol. Therefore, the selenenylsulfide serves as either a catalytically essential redox center or transient intermediate during peroxide reduction. According to its high apparent K m value (2.5 mM) for H 2 O 2 (10) and k cat of 100 ϫ min
Ϫ1
, this antioxidant defense function of mammalian TrxR may be expected to play a role only with elevated H 2 O 2 concentration. 
